Background: The molecular mechanisms of the critical necessity of Munc18-1 protein for neurotransmitter release remain unclear. Results: Synaptotagmin-1 competes with Munc18-1 in SNARE zippering and fusion pore opening. Conclusion: Synaptotagmin-1 wins the tug-of-war in gaining control of the SNAREpin at the moment of membrane fusion. Significance: This work clarifies an ambiguity concerning the Munc18-1 function in neuroexocytosis.
There is ample evidence that SNAREs belong to the minimal fusion machinery. Treatment of the presynapse with the clostridial toxins, which specifically cleave SNARE proteins, abolishes neurotransmitter release completely (15) (16) (17) (18) . Furthermore, proteoliposomes reconstituted with SNAREs only support lipid mixing, demonstrating that SNAREs alone can drive membrane fusion (8, 19 -24) . Similarly, it was shown that Munc18-1 accelerates SNARE-mediated proteoliposome fusion, supporting the notion that Munc18-1 is part of the minimal fusion machine (12, 25) .
Meanwhile, Munc18-1 appears to have another important function to regulate the SNARE assembly. Munc18-1 binds to the Habc domain of t-SNARE syntaxin-1a and prevents sytaxin-1a from the premature binding to another t-SNARE, SNAP-25, which might lead to a nonproductive t-SNARE complex (26 -30) .
Although the Munc18-1 function to protect syntaxin-1a is supported by a variety of evidence, its role as part of the fusion machine is debatable. The proteoliposome fusion assay (12, 25) , on which this proposition relies heavily, did not include synaptotagmin-1 (Syt1), 4 a major Ca 2ϩ sensor for synaptic vesicle fusion (31) (32) (33) . Syt1 is a vesicular protein, consisting of tandem Ca 2ϩ -binding C2 domains and a transmembrane helix (34) . Syt1 interacts with the core SNARE complex as well as phospholipids (35) (36) (37) (38) (39) . Provided that Syt1 cooperates with the SNARE complex intimately during the moment of fusion, it is difficult to envision how Munc18-1 might gain access to the core complex simultaneously (40) .
In this work, we investigated, using single molecule FRET (smFRET), the conformational changes of a trans-SNARE com-plex (or SNAREpin) assembled between two nanodisc membranes (41) induced by Munc18-1. We also studied the effect of Munc18-1 on SNARE-dependent proteoliposome lipid mixing and on the Ca 2ϩ -triggered fusion pore opening in well defined in vitro settings (39, 42) to dissect the Munc18-1 function in the presence of Syt1. Our results show that although Munc18-1 has the capacity to stimulate SNARE complex formation and SNARE-dependent lipid mixing, Syt1 largely negates such positive effects on membrane fusion, suggesting that Syt1 acts as an antagonist for Munc18-1.
EXPERIMENTAL PROCEDURES
Plasmid Constructs and Site-directed Mutagenesis-DNA sequences encoding rat syntaxin-1a (amino acids 2-288 with three native cysteines (Cys-145, -271, and -272) replaced by alanines), rat VAMP2 (amino acids 1-116 with Cys-103 replaced by alanine), soluble rat VAMP2 (Vps, amino acids 1-94), and rat SNAP-25 (amino acids 1-206 with four native cysteines (Cys-85, -88, -90, and -92) replaced by alanines) were inserted into the pGEX-KG vector as N-terminal glutathione S-transferase (GST) fusion proteins. Full-length rat Syt1 (amino acids 50 -421 with four native cysteines (Cys-74, -75, -77, and -79) replaced by alanines and another cysteine (Cys-82) replaced by serine) and full-length rat Munc18-1 were inserted into pET-28b vector as C-terminal His-tagged proteins. We used the QuikChange site-directed mutagenesis kit (Stratagene) to generate all mutants, including syntaxin-1a I203C and V241C and VAMP2 Q33C and A72C. DNA sequences were confirmed by the Iowa State University DNA Sequencing Facility.
Protein Expression and Purification-Protein expression and purification were described previously (41, 43) . Briefly, all recombinant proteins were expressed in Escherichia coli BL21 (DE3). GST-tagged proteins, syntaxin-1a, SNAP-25, VAMP2, and Vps were purified by affinity chromatography using glutathioneagarose beads (Sigma-Aldrich) and were cleaved from beads with thrombin (0.02 unit l
Ϫ1
; Sigma-Aldrich) in PBS or PBS with 0.8% (w/v) octyl ␤-D-glucopyranoside (PBS-OG) for membrane proteins. His-tagged proteins, apoA1, Syt1, and Munc18-1 were purified by nickel-nitrilotriacetic acid-agarose beads (Qiagen). Histagged apoA1 and Munc18-1 were eluted with 200 mM imidazole (Sigma-Aldrich) in PBS. Munc18-1 was further dialyzed in 2 liters of PBS buffer at 4°C overnight after elution. Syt1 was eluted with 25 mM HEPES, pH 7.4, with buffer containing 400 mM KCl, 250 mM imidazole, 0.8% OG, and 1 mM EDTA.
Lipid Mixture Preparation-The lipid molecules used in this study are 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), phosphatidylinositol 4,5-bisphosphate (PIP 2 ; from porcine brain), cholesterol, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl) (biotin-DPPE), and 1,2-distearoyl-snglycero-3-phosphoethanolamine-N-(biotinyl(polyethylene glycol)-2000) (biotin-PEG-DSPE). All lipids were obtained from Avanti Polar Lipids. 1,1Ј-Dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate (DiI), 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindodicarbocyanine perchlorate (DiD), and sulforhodamine B were obtained from Invitrogen. The desired amounts of lipids were first mixed in a glass tube, and the mixture was then completely dried under vacuum.
Fluorophore Labeling of the Single Cysteine Mutants-The fluorophore labeling of the single cysteine mutants of syntaxin-1a and VAMP2 was described previously (41, 44) . Briefly, the mutants were purified as described above for syntaxin-1a and VAMP2 except that the cleavage buffer contained 2.5 mM DTT. For smFRET of the trans-SNAREpin, cysteine mutants of syntaxin-1a (I203C or V241C) and VAMP-2 (Q33C or A72C) were desalted with the PD-10 column (GE Healthcare) to eliminate free DTT and then incubated with a 10-fold molar excess of maleimide-derivative fluorophores Cy5 and Cy3 (GE Healthcare), respectively, at 4°C overnight. Unreacted free fluorescence labels were removed by the PD-10 column. The labeling efficiency of each mutant was measured with spectrophotometry (Beckman). Extinction coefficients of Cy5 (250,000 M Ϫ1 cm Ϫ1 at 650 nm) and Cy3 (150,000 M Ϫ1 cm Ϫ1 at 552 nm) were used to calculate concentrations of fluorophores. The detergentcompatible Lowry assay (DC assay, Bio-Rad) was used to determine the protein concentration. The labeling efficiencies were 46 and 40% for syntaxin-1a I203C and V241C, whereas they were 55 and 62% for VAMP2 Q33C and A72C, respectively.
Reconstitution and Purification of t-and v-discs-The mixture of POPC, DOPS, cholesterol, PIP 2 , and biotin-PEG-DSPE with a molar ratio of 62.9:15:20:2:0.1 for t-discs and the mixture of POPC, DOPS, and cholesterol with a molar ratio of 75:5:20 for v-discs were dried and resuspended in Tris150-EDTA buffer (10 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH 7.4). The lipid compositions were chosen to emulate those of the presynaptic and the vesicle membranes at least for major lipid components. 3 l of each 50 mM lipid mixture was dissolved in sodium cholate (final concentration of 50 mM). Then t-SNARE (the binary complex of syntaxin-1a and SNAP-25) or v-SNARE (VAMP-2 with or without Syt1 with a molar ratio of 1:1) and apoA1 protein were added to the detergent-solubilized lipid mixture. The molar ratio of lipid, SNARE(s), and apoA1 was 160:0.5:2. The self-assembly of SNARE-incorporated nanodiscs was initiated by the rapid removal of sodium cholate by treating the sample with 50% (w/v) SM-2 Bio-Beads (Bio-Rad). The t-or v-discs were then purified through gel filtration using a Superdex TM 200 GL 10/30 column (Amersham Biosciences).
FRET Measurements of trans-SNAREpins-After coating the quartz surface with a solution of methoxy-polyethylene glycol and biotin-PEG molecules (100:1), the quartz slide was assembled into a flow chamber and coated with streptavidin (0.2 mg ml Ϫ1 ). The t-discs containing Cy5-labeled sytnaxin-1a) were immobilized on the surface by flowing in 100 -200 nM nanodisc solution. Then 1 M Munc18-1 or an equal volume of buffer was injected in, and the sample was incubated for 10 min at room temperature (ϳ25°C). A 5-fold molar excess of v-discs containing Cy3-labeled VAMP2 without or with Syt1 with 1 M Munc18-1 or an equal volume of buffer was then added to the flow chamber, and the sample was incubated for 25 min at 37°C to allow trans-SNAREpin formation. All total internal reflection experiments were performed at room temperature in the presence of the oxygen scavenger system (0.4% (w/v) glucose (Sigma), 4 mM Trolox (Calbiochem), 1 mg/ml glucose oxidase (Sigma), 0.04 mg/ml catalase (Calbiochem)) in Tris150-EDTA buffer. The smFRET measurements were carried out on a prism-type total internal reflection fluorescence (TIRF) setup, which is based on the inverted microscope (IX71, Olympus) with the laser exposure time of 200 ms. A solid-state laser at 532 nm was used to excite the Cy3-labeled v-discs and measure FRET, and a helium-neon (HeNe) laser at 635 nm was used to check the presence of the Cy5-labeled t-discs. The Cy3 and Cy5 fluorescence emissions were collected by a water immersion lens (UPlanSApo 60ϫ/1.20w, Olympus) and split by a dichroic mirror (T660lpxr, Chroma), which has a threshold at the 635 nm wavelength. Both Cy3 and Cy5 emissions were then imaged with the imaging area of 45 ϫ 90 m 2 side by side on an electron-multiplying charged-coupled device camera (iXon DU897E, Andor Technology), which has high quantum efficiency in the 450 -700 nm range. The collected images were analyzed by smCamera (kindly provided by Dr. Taekjip Ha's group). FRET efficiencies (E) were obtained by the following,
where I A and I D represent the acceptor and donor fluorescence intensities. More details about the experimental setup can be found in a recent review paper (45) , and representative traces can be found in our previous work (Fig. 4 
in Ref. 41).
Proteoliposome Reconstitution-For the bulk and single lipid mixing assays, the molar ratios of lipids were 15:62:20:2:1: 0.1 (DOPS/POPC/cholesterol/PIP 2 /DiI/biotin-DPPE) for the t-SNARE-reconstituted vesicles (t-vesicles) and 5:74:20:1 (DOPS/POPC/cholesterol/DiD) for the v-SNARE-reconstituted vesicles (v-vesicles), respectively. For the t-vesicles without PIP 2 , an equal molar amount of POPC was used instead. The lipid mixture was first completely dried under vacuum and then hydrated by dialysis buffer (25 mM HEPES, pH 7.4, 100 mM KCl). After five freeze-thaw cycles, protein-free large unilamellar vesicles (ϳ100 nm in diameter) were prepared by extrusion through a 100-nm polycarbonate filter (Whatman). For membrane reconstitution, SNARE proteins and Syt1 were mixed with protein-free vesicles at a protein/lipid molar ratio of 1:200 for each protein component (this ratio was kept for all experiments, including the single vesicle content mixing assay) with 0.8% OG in the dialysis buffer at 4°C for 15 min. The liposome/protein mixture was diluted 2 times with dialysis buffer for t-vesicles, and then the diluted t-vesicles were dialyzed in 2 liters of dialysis buffer at 4°C overnight. For v-vesicles, the mixture was diluted twice with dialysis buffer containing 1 mM EDTA and dialyzed in 2 liters of dialysis buffer with EDTA at 4°C overnight. Details for reconstitution were described in our previous work (39, 43) .
For the single vesicle content-mixing assay with the small sulforhodamine B content indicator, the lipid compositions were the same as those used in the single vesicle docking assay except that the fluorescent lipid dyes (DiI and DiD) were replaced by an equal amount of POPC, and 2% PIP 2 was incorporated into the t-vesicles. The lipid mixture was first completely dried and then hydrated with dialysis buffer. A population of vesicles intended for v-vesicles was hydrated in the presence of 20 mM sulforhodamine B (SRB). The overall vesicle preparation and protein reconstitution process was the same as above except that v-vesicles were always kept throughout in the 20 mM SRB prior to dialysis overnight. Remaining free SRB was removed using the PD-10 desalting column (GE Healthcare) after dialysis. Details for reconstitution were described in our previous work (39, 43) .
Single Vesicle Docking and Lipid-mixing Assays-The t-vesicles with a final lipid concentration of 1 M were flowed into the chamber and immobilized on the PEG-coated surface through the streptavidin-to-biotin lipid conjugation with a 30-min incubation at room temperature (ϳ25°C). After two rounds of washing with 200 l of dialysis buffer, 1 M Munc18-1 or an equal volume of dialysis buffer was flowed into the chamber, and the sample was incubated for another 30 min at room temperature. Then the v-vesicles (3 M) with or without 1 M Munc18-1 were injected into the flow chamber, and the sample was again incubated for 30 min at 37°C. After washing off free v-vesicles using dialysis buffer containing 1 M Munc18-1 or an equal volume of dialysis buffer, movies were acquired by taking 100 consecutive frames with the 100-ms exposure time from five randomly chosen imaging areas using the same TIRF setup described above. The first 60 frames were taken by using 532-nm laser excitation for DiI-labeled t-vesicles, and these data were used to calculate the FRET efficiency, and the following 40 frames were taken by using 635-nm laser excitation to verify the presence of DiD-labeled v-vesicles. The nonspecifically bound v-vesicles were excluded from the analysis.
Single Vesicle Content-mixing Assay-The t-SNARE vesicles (125 M) were immobilized on the PEG-coated surface through the streptavidin-to-biotin lipid conjugation for 20 min. Following several rounds of washing with 200 l of dialysis buffer, the v-vesicles containing 20 mM SRB (10 M) were injected into the flow chamber, and the sample was incubated at room temperature for 10 min for docking. After washing out the unbound v-vesicles with dialysis buffer containing 1 mM EDTA, an additional 20-min incubation was followed by the injection of 500 M Ca 2ϩ using the motorized syringe pump. Movies were acquired using the same TIRF setup as described above with 532-nm excitation for SRB, and the stepwise jump in the fluorescence emission intensity due to fluorescence dequenching of SRB was recorded as the signal for content mixing; the representative images and traces can be found in our previous work (see Fig. S2 in Ref. 39 and Figs. 1B and S6B in Ref. 43 ). The details of TIRF microscope imaging and the data analysis of the single vesicle content mixing assay were described in detail elsewhere (46) .
RESULTS

Munc18-1 Promotes SNARE Zippering without Syt1 but Not in the Presence of Syt1
-It has been shown previously that Munc18-1 can bind to the SNARE four-helix bundle, but it has not yet been demonstrated that such binding actually stimulates SNARE zippering (47) . To investigate the effects of Munc18-1 on the conformation of the trans-SNAREpin with smFRET, we prepared the N-terminal FRET pair VAMP2 Q33C and syntaxin-1a I203C labeled with the donor dye Cy3 and the acceptor dye Cy5, respectively (NN). We also prepared a C-terminal FRET pair, Cy3-labeled VAMP2 A72C and Cy5-labeled syntaxin-1a V241C (CC) (Fig. 1A) . For the detection of FRET with TIRF microscopy, the t-SNARE-reconstituted nano- The Habc domain (white) of syntaxin-1a is depicted as broken to indicate the longer length than the SNARE motif (red). B, the TIRF microscope setup for the smFRET detection of the trans-SNAREpin conformation. The t-discs carrying Cy5-labeled syntaxin-1a (red and white) and SNAP-25 (green) were immobilized on the quartz surface through the biotin (yellow square) and streptavidin (purple cross) conjugation and then allowed to interact and form the trans-SNAREpin with the v-discs carrying Cy3-labeled VAMP2 (blue) with or without Syt1 (not shown). Distributions of the FRET efficiency for the NN and CC in the absence (top) or presence (bottom) of Munc18-1 without Syt1 (C) and with Syt1 (D), respectively. E, plot of the normalized FRET populations in the absence of Syt1 using the cut-off FRET efficiencies (E) of E Յ 0.4 for low FRET, 0.4 Ͻ E Ͻ 0.72 for medium FRET, and E Ն 0.72 for high FRET. F, the relative changes in the ratio of high to low FRET populations for the CC in the presence of increasing amount of Munc18-1 or 2 M BSA without Syt1. G, docking ability of the CC in the absence and presence of 10 M soluble VAMP2 (Vps, amino acids 1-94). H, plot of the normalized FRET populations in the presence of Syt1 using the cut-off FRET efficiencies (E) of E Յ 0.4 for low FRET, 0.4 Ͻ E Ͻ 0.72 for medium FRET, and E Ն 0.72 for high FRET. Error bars, S.D. of three independent experiments; movies were recorded for the analysis from more than five randomly selected screens in each experiment. *, p Ͻ 0.05, assessed using the two-sample Student's t test unless otherwise specified. discs (t-discs) were tethered on the imaging surface using the streptavidin-to-biotin lipid conjugation. The v-SNARE-reconstituted nanodiscs (v-discs) were then flowed into the flow cell to allow docking and trans-SNAREpin formation (Fig. 1B) (41) .
For the SNAREpin with the NN, we observed a dominant FRET distribution peaking at the FRET efficiency E ϳ0.9 (Fig.  1C, left) , indicating that the helical structure is robust at the N-terminal region. We observed a small low FRET population (ϳ8%) that might reflect nonspecific binding of nanodiscs on the surface (Fig. 1C, left) . The possibility of antiparallel SNARE assembly (48) could be ruled out because out-of-register combinations (NC and CN) populated mid-FRET dominantly (E ϳ0.4) (see Fig. 2C in Ref. 41 ), but we did not observe an appreciable mid-FRET population for the NN. In contrast, the SNAREpin with the CC gave two major low and high FRET distributions with some population at mid-FRET (Fig. 1C, top right; see Ref. 41 for a discussion of the mid-FRET population). The low FRET peak might reflect a half-zipped SNAREpin, whereas the high and mid FRET peaks represent a fully zipped SNAREpin (41). When Munc18-1 (1 M) was added, for the CC, we observed the shift of the FRET distribution from low to high, reflecting that Munc18-1 promoted formation of the fully zipped SNAREpin (Fig. 1, C (bottom right) and E) , which was a Munc18-1-dependent instead of nonspecific packing effect (Fig. 1F) . The association between a t-disc and a v-disc was SNARE-dependent, as evidenced by the significant reduction of the association in the presence of soluble VAMP2 (Fig. 1G) . Now, to find out whether such a promotion of SNARE zippering by Munc18-1 still happens in the presence of Syt1, we incorporated Syt1 into the v-disc in a molar ratio of 1:1 to VAMP2. With Syt1, we still observed a dominant high FRET distribution for the NN (Fig. 1D, top left) , identical to that observed in the absence of Syt1. Interestingly, however, we did not observe any change in the distribution of the CC population at all (Fig. 1, D (right) and H) . Thus, the results suggest that Syt1 works as an antagonist to Munc18-1 to interact with SNAREpin, which abrogates the enhancement of SNARE zippering by Munc18-1.
Syt1 and Munc18-1 Are Mutually Antagonistic in SNAREdependent Lipid
Mixing-Because Munc18-1 stimulated SNARE zippering in the absence of Syt1, we tested whether Munc18-1 could stimulate lipid mixing, as was previously observed by Rothman and co-workers (12) . To measure lipid mixing with the single vesicle assay, we immobilized vesicles carrying t-SNARE on the imaging surface (t-vesicles), and vesicles carrying v-SNARE (v-vesicles) were added to the flow cell to allow vesicle docking (Fig. 2A) . The lipid dyes DiI and DiD were separately incorporated into t-and v-vesicles, respectively, to detect FRET due to lipid mixing (Fig. 2, B-E) . Without Munc18-1, lipid mixing was slow; only around 30% of docked vesicles showed lipid mixing after 30 min of incubation (gray bars in Fig. 3, A and C) . However, when Munc18-1 was present, lipid mixing was accelerated significantly; 65% of docked vesicles were lipid-mixed (blue bars in Fig. 3, A and C) , consistent with results reported previously (14) . Moreover, we observed that Munc18-1 could also stimulate the docking between v-vesicles and t-vesicles, which is SNARE-dependent (Fig. 3D) .
On the other hand, when Syt1 was incorporated into the v-vesicles in a molar ratio of 1:1 to VAMP2, we observed great enhancement of lipid mixing. After 30 min of incubation, nearly all docked vesicles were lipid-mixed (gray bars in Fig. 3, B and C) . The stimulation of SNARE-dependent lipid mixing and vesicle docking by Syt1 (Fig. 3D ) was reported previously (39) and was not surprising. However, what was surprising was that when we added Munc18-1, the stimulation of SNARE-dependent vesicle docking and lipid mixing by Syt1 was reduced. We observed about 80% of docked vesicles to have lipid mixing (blue bars in Fig. 3, B and C) , and the docking was reduced by as much as 50% (Fig. 3D) . Because both SNARE and PIP 2 were known to be important for the Ca 2ϩ -independent vesicle docking and lipid mixing, we removed PIP 2 from t-vesicles. Without PIP 2 , Munc18-1 behaved the same as it did when PIP 2 was present (Fig.  3, E and F) , and the docking was reduced even further by as much as 70% (Fig. 3F) in the presence of Syt1. Therefore, our results suggest that Munc18-1 is again antagonistic to Syt1 in SNARE-dependent vesicle docking and lipid mixing.
Munc18-1 Has Little Effect on Ca 2ϩ -triggered Content Mixing-Although
SNAREs alone as well as SNAREs together with Syt1 can support lipid mixing, they are not effective in driving content mixing or fusion pore formation unless Ca 2ϩ is . Bars are normalized with respect to the number of the docked vesicles to take into account the differences in docking probabilities (D). E, lipid-mixing efficiencies quantified based on the percentages of the normalized high FRET population (E ϳ0.5-1) (65) for the t-vesicles without PIP 2 . Bars are normalized with respect to the number of the docked vesicles (F). Error bars, S.D. of three independent experiments; movies were recorded for analysis from more than five randomly selected screens in each experiment. *, p Ͻ 0.05, assessed using the two-sample t test, unless otherwise specified.
present (39, 43) . As such, an in vitro Ca 2ϩ -triggered content mixing assay offers a more stringent test for the competition between Munc18-1 and Syt1 to gain access to the SNAREpin.
To measure content mixing, we incorporated sulforhodamine B into the v-vesicles in an in vitro setup depicted in Fig.  2A except for lipid dyes (Fig. 4A) . After vesicle docking, Ca 2ϩ (500 M) was flowed into the flow cell, and the intensity jump of the fluorescence signal due to fluorescence dequenching was detected as a signal for content mixing (43) . The cumulative time plot shows that ϳ13.5% of docked vesicles undergo content mixing with a half-time of ϳ30 s (Fig. 4B) , which is both Syt1-and SNARE-dependent (see Fig. 1B in Ref. 39) . Interestingly, however, the addition of Munc18-1 showed little change in the cumulative time plot in the range of 100 -1000 nM, although there was some reduction of content mixing at 1 M of Munc18-1 (Fig. 4B) , which is dependent on the Ca 2ϩ (Fig. 4C) . Thus, our result demonstrates that Munc18-1 does not stimulate Ca 2ϩ -triggered fusion pore opening, suggesting that the SNAREpin is not accessible to Munc18-1 in the presence of Syt1.
Similarly, we also note that in this assay, the vesicle docking became significantly reduced as the Munc18-1 concentration was increased (Fig. 4D and Table 1 ). We interpret the reducing of vesicle docking as the consequence of dissociation of heterodimeric t-SNARE into the individual components syntaxin-1a and SNAP-25 (30, 49) , which would reduce vesicle docking mediated by the interaction between Syt1 and t-SNARE (35, 38) . Therefore, it appears that Munc18-1 has the ability to both improve and prevent SNARE complex formation in a concentration-dependent manner.
DISCUSSION
In this work, we observed, using smFRET and single vesicle lipid mixing, that the positive influence of Munc18-1 on SNARE zippering and lipid mixing is robust in the absence of Syt1. Our results are consistent with those of Rothman and co-workers (12) and show that Munc18-1 indeed has the capacity to drive the completion of SNARE zippering by acting on the partially zipped (N-terminally assembled but C-terminally frayed) SNARE complex. Rothman and co-workers (12) also showed that the incubation at low temperature, which presumably promotes N-terminal zippering of SNAREs, is required for the enhancement of SNARE-dependent lipid mixing by Munc18-1, again consistent with our results from smFRET on the trans-SNAREpin between two apposed nanodiscs. Surprisingly, however, when Syt1 is present, the stimulation of SNARE zippering by Munc18-1 disappears completely, whereas its effect on lipid mixing is reduced significantly. Most importantly, we did not observe any acceleration of content mixing (or fusion pore opening) by Munc18-1. These findings suggest that Syt1 competes with Munc18-1 for the access to the (52, 53) . Thus, it appears to be necessary for Ca 2ϩ sensor Syt1 to gain intimate access to the SNAREpin (32) . In fact, it is shown that Syt1 has the capacity to bind the SNARE core and negatively charged lipids clustered in the immediate vicinity of the SNARE complex (38, 54) .
With the necessity for the presence of Syt1 at the nearest neighbor of the SNAREpin, it is hard to envision how Munc18-1 gains full access to the SNAREpin simultaneously. Meanwhile, Munc18-1 binding to the SNARE core is relatively weak, with a binding constant of ϳ1 M (55), which may not be sufficiently strong to hold onto the SNARE core in competition with Syt1.
Alternatively, Munc18-1 binding to the Habc domain of syntaxin-1a is much stronger, with a binding constant of ϳ10 nM (28, 56) . This binding stabilizes the "closed" form of syntaxin1a, which does not allow the premature binding of syntaxin-1a to SNAP-25 (30) . A controlled binding between syntaxin-1a and SNAP-25 is necessary because their free binding probably leads to the formation of the 2:1 complex, which is known to be the non-productive dead end product (57, 58) . Recently, it was shown that Munc13 plays a role in relieving syntaxin-1a from the inhibitory Munc18-1 capping (29, 30) .
The notion that Munc18-1 is part of the minimal fusion machinery is largely based on two experimental observations. First, the knock-out of Munc18-1 abolishes neurotransmitter release completely (35, 59, 60) . The severity of the knock-out phenotype could be explained equally well by the losing of inhibitory capping on syntaxin-1a. Second, Munc18-1 has the capacity of accelerating SNARE-dependent proteoliposome fusion significantly (12, 25) . However, the caveat here is that Syt1 is not included in those experiments. Our results argue that Munc18-1 may not be part of the minimal fusion machinery and that it instead plays an important regulatory role in controlling the syntaxin-1a binding to SNAP-25, at least in neuroexocytosis.
There are, however, many exocytotic systems where vesicle fusion is not regulated by Ca 2ϩ and Syt1-like molecules (61, 62) . Also, there are systems where the Habc-like domain is not present in syntaxin-1a analogs (63, 64) . In such cases, the main function of Sec1/Munc18 may be to stimulate vesicle fusion via its binding to the SNAREpin. The analysis by Shen et al. (25) suggests that the SNAREpin binding may be the evolutionarily conserved function for the Sec1/Munc18 family. However, at the top of the evolution may be neuroexocytosis. Thus, we speculate that the evolutionary pressure to implement the tight Ca 2ϩ control of vesicle fusion might have diverted the role of Munc18-1 elsewhere.
